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An extracellular K concentration in a narrow range is critical
for the normal function of the heart, nerves and skeleton muscles.
Changes in the concentration of K in hyperkalemia or hypoka-
lemia can be life-threatening. Two regulatory mechanisms control
the extracellular K concentration. First, the extracellular K
concentration can be regulated by redistribution of K between
intracellular and extracellular fluids. Several hormones, for exam-
ple insulin and -adrenergic agonists, enhance uptake of K by
cell and thus shift K from the extracellular space to the
intracellular space [ii. The second set of mechanisms involved in
controlling the extracellular concentration of K are renal and
colonic K secretion [2]. The kidney plays a key role in regulating
the extracellular K content, since an amount equivalent to 90%
of ingested K is secreted by renal tubules.
Role of cortical collecting duct in K secretion
Free-flow micropuncture studies have demonstrated that ap-
proximately 70% of filtered K is reabsorbed in the proximal
tubules [3—6]. Under physiological conditions, the thick ascending
limb (TAL) absorbs an additional approximately 25% of the
filtered K load [3, 6]. However, when the Na-K-2C1 cotrans-
porter is blocked by loop diuretics, K secretion can occur in the
TAL [7, 8]. Presumably, K ions are secreted into the lumen of
the TAL by the apical ATP-sensitive K channels that are
normally responsible for K recycling across the apical membrane
[9—12]. Unlike mechanism in the proximal tubule, the reabsorp-
tion of K in the TAL is regulated by hormones. Vasopressin has
been shown to increase the apical K conductance pathway in the
TAL [13, 14] and the enhanced K conductance also contributes
to the vasopressin-induced stimulation of NaCl reabsorption
[14—16]. However, K reabsorption in the proximal tubule as well
as in the TAt is not an important mechanism in maintaining
extracellular K homeostasis [31.
Early micropuncture and microperfusion studies have firmly
established that the initial and cortical collecting duct (CCD) are
the main sites for final fine regulation of K secretion [6, 17—21].
Two types of cells, principal cell and intercalated cell, are present
in the CCD [22, 23], The principal cell is responsible for K
secretion and Na reabsorption [22, 241, whereas the intercalated
cell is mainly involved in K reabsorption and proton secretion
via an apical K/H pump [23, 25, 26].
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Role of apical K conductance in K secretion
Figure 1 is a schematic model of the principal cell. The
Na,K-ATPase in the basolateral membrane is the key transport
protein for maintaining the physiological function of the principal
cell [27, 28]. K channels have been identified in both the apical
and the basolateral membranes [26, 29—32]. The basolateral K
channels are responsible for K leaving the cell across the
basolateral membrane under normal conditions [33]. In addition,
Na/H exchange and 3Na/Ca exchange are also present in the
basolateral membrane [34, 35]. The 3Na/Ca exchange is a main
Ca2 extrusion mechanism, and thus reduction of the Na
gradient induced by inhibition of Na,K-ATPase, results in a
significant increase of intracellular Ca2 [36]. K secretion in
CCD occurs by two separate steps. First, K ions are pumped into
the cell via the Na,K-ATPase. Second, K ions diffuse from the
cell into the lumen along a favorable electrochemical gradient
through the apical K channels [24, 331.
Two types of K channels, a Ca2-activated large-conductance
K and a Ca2-independent small-conductance K channel, have
been identified in the apical membrane of rat and rabbit CCD [26,
29, 37, 38]. Table 1 summarizes the main biophysical properties of
the two types of K channels. Several lines of evidence suggest
that the large-conductance Ca2-dependent K channel is not the
apical major K secretory pathway. First, open probability of this
channel is very low when the intracellular Ca2 concentration and
cell membrane potential are in the physiological range. Second,
density (defined as a ratio between number of the patch mem-
branes with channel activity and that of the total experiments) of
the large-conductance K channel is only 10% of that of the
small-conductance K channel [261. Finally, the large-conduc-
tance K channel is blocked by millimolar tetraethylammonium
(TEA). However, luminal application of TEA has no effect on
transepithelial voltage [29]. In contrast, the small-conductance K
channel has a high open probability and high density. Thus, it is
most likely that the small-conductance K channel is mainly
responsible for K secretion. This review is mainly focused on the
mechanisms that regulate the apical small-conductance K chan-
nel,
Regulation of the small-conductance K channel
Dietary intake ofK
Increased intake of K is rapidly followed by a corresponding
increase in urinary K excretion [1, 39, 40]. Micropuncture and
microperfusion studies have shown that the increase in urinary K
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excretion results largely from enhanced K secretion in the initial
and cortical collecting duct [2, 17]. Patch-clamp studies have
shown that the density of the small-conductance K channel was
significantly greater in CCD tubules from rats on a high K diet
than from rats on a normal K intake [26]. This observation is
consistent with the finding that the apical K conductance of
rabbit CCD is doubled in animals adapted to a high K diet [411.
The increase of the apical K conductance results mainly from an
increase in the number of channels, since open probability does
not differ between animals on a high K diet and those on a
normal diet [26]. The effect of high K diet on the apical K
conductance of CCD is not due only to aldosterone, because the
density of the small-conductance K channel was not increased in
tubules from animals on a low Na diet, a regimen that signifi-
cantly stimulates aldosterone secretion [29]. Thus, it is hypothe-
sized that an increase in plasma K level is an important signal for
an increase of the apical K conductance.
Effect of pH
Acid-base balance exerts an important influence on K excre-
tion in the kidney, alkalosis enhancing and acidosis inhibiting
urinary K excretion [2, 3, 20, 42]. Furthermore, micropuncture
studies have firmly established that the distal nephron including
the initial collecting tubules and CCD is the segment mainly
affected by acid-base balance [20, 42]. The apical small-conduc-
tance K channel is exquisitely pH sensitive, reduction of the bath
pH from 7.40 to 6.90 completely blocking channel activity in
inside-out patches [26]. In addition, the steepest response of
channel activity to pH alteration falls between 7.3 and 7.1, thus
within the range of physiological intracellular pH [26]. However,
the decrease of K secretion in acidosis is not as great as might be
expected from the pH-induced decline of the apical K conduc-
tance. Depolarization produced by a more acid cell pH increases
the net driving force for K diffusion into the lumen and partially
offsets the effect on K secretion of the decreased apical K
conductance. The contribution of an alteration of the apical K
conductance to K secretion during acid-base disorders is evalu-
ated by using mathematic model [43]. Other factors such as
P0
Frequency of
observations TEA pH ATP Ca2
Maxi K <0.01 <5% — —
S.K >0.90 30%—60% No a
S.K is an abbreviation of the small-conductance K channel. Channel
open probability (P0) is measured at a spontaneous cell membrane
potential. The arrow means an inhibitory effect whereas a
stimulatory effect.
a The inhibitory effect of Ca2 is observed in cell-attached patches
inhibition of Na,K-ATPase may also contribute to the decrease of
K secretion during acidosis [2].
Regulation by A TP
ATP-sensitive K channels (KATP) have been identified in
cardiac muscle, pancreatic f3-cell, smooth muscle and skeleton
muscle [44, 45]. The apical small-conductance K channel of the
CCD is also a member of KATP. First, channel activity is inhibited
by millimolar ATP and ADP in inside-out patches. Second,
application of 500 /.LM glyburide, a KATP blocker [46, 47], inhibits
the small-conductance K channel and the KD of glyburide is in
the range of 200 to 250 xM (W. Wang, unpublished observations).
Finally, cromakalim, a KATP opener [47], restores channel activity
blocked by ATP. Figure 2 is a representative recording demon-
strating the effect of cromakalim. Application of 100 .LM cr0-
makalim antagonized the inhibitory effect of ATP and restored
channel activity to 52 3% of the control value (N =3). The ATP
sensitivity of the small-conductance K channel is modulated by
several factors such as ADP, cAMP-dependent protein kinase A
(PKA) and pH. It was demonstrated that the KD of ATP is
significantly increased in the presence of ADP and PKA [48]. That
the ATP/ADP ratio is a more important modulator of KATP than
ATP in extra-renal tissues has also been reported [45]. Decrease
of the ATP sensitivity in the presence of PKA and ADP could also
in part explain why the small-conductance K channel has a high
open probability in cell-attached patches, even though under
control conditions the intracellular ATP concentration is at least
3 ifiM [49]. In contrast, the KD is sharply reduced at an acidic pH
so that the inhibitory effect of the low cell pH is further enhanced
by modifying ATP-induced inhibition. The mechanism of ATP
inhibition is not clear. Since the inhibitory effect of ATP can be
overcome by an increase in PKA levels, ATP may exert its effect
on channel activity by stimulating dephosphorylation processes in
CCD [48, 50]. In the proximal tubule of rabbit kidney it was found
that the basolateral ATP-sensitive K channel is stimulated by
addition of glucose and alanine to the lumen, a maneuver that
decreases the intracellular ATP level by stimulating transcellular
Na transport [51]. Thus, in the proximal tubule ATP couples
basolateral channel activity to Na,K-ATPase turnover rate. How-
ever, whether the same mechanism serves as a mediator between
apical K channel activity and Na,K-ATPase in the CCD has not
yet been determined.
Modulation of PKA and effect of vasopressin
It is well established that cAMP stimulates water permeability
and apical Na conductance in CCD [52—54]. In addition, cAMP
has been shown to increase K secretion in CCD. It was suggested
that the effect of cAMP on K secretion resulted from an increase
Table 1. Biophysical properties of the K channels in CCD
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Fig. 1. A schematic drawing showing the transport mechanisms for Na + and
K in a principal cell of CCD.
in the driving force for K across the luminal membrane [S5.
Patch-clamp studies on rat CCD have demonstrated that cAMP
enhances the activity of the small-conductance K channel
through its effect on protein kinase A (PKA) [56]. This conclusion
is based on the following observations. First, a decrease of channel
activity in inside-out patches (channel run-down) can he restored
by application of 100 jIM ATP. The effect of ATP is Mg2-
dependent and requires hydrolysis of the ATP, since a non-
hydrolyzable ATP analogue does not reproduce the effect of
MgATP [48]. Second, the effect of ATP is enhanced by applica-
tion of exogenous PKA. Finally, addition of the specific PKA
inhibitor (PKI) blocks the stimulatory effect of ATP on channel
activity. Recently, an inward-rectitying ATP-regulatcd K chan-
nel (ROMK1), that has many biophysical properties similar to
those of the apical small-conductance K channel, has been
cloned from rat outer medulla [57]. The amino acid sequence of
the ROMK1 reveals several putative PKA-phosphorylation sites,
and thus further provides evidence for the possible involvement of
PICA. In addition, in A6 cells which share several key properties
with CCD principal cells, cAMP significantly increases the density
of the small-conductance K channel [58].
The role of PICA in the modulation of channel activity is further
explored in study examining the effects of ADH on apical K
channel activity [56]. ADH has been shown to increase K
secretion [55]. Since the permeability ratio between apical and
basolateral membrane was not changed by ADH, it was concluded
that an increase of driving force for K, rather than a stimulation
of the apical K conductance, is responsible for the stimulatory
effect of ADH on K secretion [55]. However, if both the apical
membrane and basolateral membrane conductance were stimu-
lated, no ratio changes between the two membranes would be
observed. This hypothesis is supported by the patch-clamp exper-
iments in which application of ADH (10 to 200 pM) significantly
stimulated channel activity in cell-attached patches. The effect of
ADH on channel activity can be mimicked by the addition of a
membrane permeable cAMP such as db-cAMP and by application
of a phosphodiesterase inhibitor. Thus, it is concluded that the
stimulatory effect of vasopressin on apical channel activity is
mediated by PKA.
Role of Ca2 in modulation of channel activity
Ca2 plays an important role in modulating electrolyte trans-
port in the CCD. An increase in intracellular Ca2 has been
shown to reduce Na channel activity [59, 60]. Ca2 F is also
involved in regulating the apical small-conductance IC channel,
its activity progressively decreasing as intracellular Ca2 is in-
creased. Raising intracellular Ca2 to > 400 n with ionomycin
completely blocked channel activity [36]. The inhibitory effect of
Ca2 on the apical small-conductance K channel is indirect,
since the K channel is not sensitive to Ca2 in inside-out patches
[26].
At least two Ca2-dependent signal transduction pathways are
present in epithelial cells: protein kinase C (PKC) and Ca2 I
ealmodulin dependent kinase [61—63]. Three lines of evidence
suggest that Ca2-dependent PKC plays an important role in
regulation of apical K channel activity. First, application of
phorbol 12-myristate 13-acetate (PMA) inhibited channel activity
in cell-attached patches [64]. Second, the inhibitory effect of Ca2
on channel activity can be partially blocked by pretreatment of
CCD tubules with staurosporin, a PKC inhibitor [65]. Addition of
2 3
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exogenous PKC has been shown to inhibit channel activity in a
Ca2-dependent manner [64]. Furthermore, several putative
PKC-phosphorylation sites have been identified in the amino acid
sequence of the cloned ROMK1 channel [57].
Although the inhibitory effect of Ca2 on channel activity is
significantly attenuated by application of a PKC inhibitor, the
Ca2 effect is not completely abolished [36]. Thus, these results
suggest that other Ca2-dependent signal transduction pathways
are also involved. This hypothesis has been supported by the
finding that the inhibitory effect of Ca2 can be completely
blocked by pretreatment of rat CCD with both a PKC inhibitor
and KN-62, an inhibitor of Ca2/calmodulin-dependent kinase
(M. Kubokawa, personal communication) [66]. Thus, these results
strongly suggest that Ca2t'calmodulin-dependent kinase regu-
lates the small-conductance K channel. This view is further
supported by experiments in which addition of the Ca2/calmodu-
lin-dependent kinase II inhibited channel activity in the presence
of PKC inhibitor (M. Kubokawa, personal communication).
Therefore, it is concluded that Ca2/calmodulin-dependent ki-
nase is involved in modulating the apical channel activity. It is not
clear whether the Ca21 /calmodulin-dependent kinase directly
phosphorylates the small-conductance K channel or a closely
associated protein which then mediates the effect on channel
activity. Since the function of several phosphatases is regulated by
Ca27calmodulin, the effect of Ca21calmodulin-dependent ki-
nase may be mediated by proteins such as phosphatase [67].
Role of Ca2 in linking Na pump turnover to apical K
channel activity
Since K secretion is a two-step process, coordination between
apical K conductance and Na,K-ATPase (Nat pump) activity is
crucial in maintaining cell homeostasis. Several variables such as
the concentration of ATP and Ca2 and cell pH have been shown
to mediate the "cross-talk" between the Na pump and other
membrane transporters in several epithelial tissues [51, 59, 68—
70]. In rat CCD Ca2 plays a key role in coordinating the function
of the Na pump with that of the apical K channel [36, 59], as
shown by the following observations: inhibition of Na,K-ATPase
by ouabain or removal of K, which have the effect of increasing
the intracellular Ca2 concentration, reduced apical K channel
activity; removal of extracellular Ca2 blocked this effect. The
effect of the pump inhibition on channel activity can be mimicked
by raising intracellular Ca2 with ionomycin. Application of
amiloride, a Na channel blocker, significantly attenuated the
effect of inhibiting the pump, presumably because amiloride
maintained a favorable Na gradient when the Na pump was
inhibited, and thus Ca2 could be extruded from the cell via the
Na/Ca exchange mechanism. Ca2 has also been shown to be
responsible for down regulation of Na channel activity upon
inhibition of Na pump [59, 601.
The coupling modulation of the Na,K-ATPase and the apical
K channel activity by Ca2 is an indirect effect and is mediated
by Ca2-dependent signal transduction pathways [71]. This view is
supported by experiments in which application of staurosporin, a
specific PKC inhibitor, significantly blunted the effect of inhibiting
the Na pump [36]. The Ca2-dependent PKC also plays a key
role in modulating Na channel activity in response to the luminal
Na delivery in A6 cells [72]. Although the Ca2-dependent PKC
is an important coupling modulator between Na pump activity
and apical K channel activity, other Ca2-dependent signal
transduction pathways, such as Ca21 /calmodulin-dependent ki-
nase, may be also involved in this process, since using a PKC
inhibitor failed to completely abolished the effect of the Na
pump inhibition.
Modulation by arachidonic acid
Arachidonic acid (AA) has been shown to be released and
metabolized by the kidney under normal and pathophysiological
conditions [73]. Stimulation of phospholipase C and phospho-
lipase A2 and an increase in intracellular Ca2 concentration can
enhance AA release [74]. Three metabolic enzymes, lipoxygenase,
cyclooxygenase and cytochrome P450, are responsible for metab-
olism of AA [751. In the CCD the major pathway for AA
metabolism is via cyclooxygenase [76, 77] and prostaglandins (PG)
have been shown to play an important role in modulation of water
and Na reabsorption [78, 79]. PGE2 has also been shown to
activate the apical Ca2-dependent K channel in rabbit CCD
[80]. It is not known whether the apical small-conductance K
channel is also regulated by PG. However, patch-clamp studies
have demonstrated that AA can directly affect apical small-
conductance K channel activity [80]. Application of 5 xM AA
completely blocked channel activity in inside-out patches and the
KD of AA is approximately 2.4 jxM [80]. The inhibitory effect of
AA can also be mimicked by the cis-unsaturated fatty acid oleic
acid. However, the KD for oleic acid is at least twice that of AA.
Since the inhibitory effect of AA on channel activity in inside-out
patches cannot be blocked by indomethacin (cyclooxygenase
inhibitor), clotrimazole (P450 inhibitor) or nordihydroquaiaretic
acid (lipoxygenase inhibitor), the results suggest that AA itself can
inhibit the apical small-conductance K channel. The mechanism
of the AA action is not clear. It is possible that AA alters
membrane fluidity [81], causing inhibition of channel activity.
However, since excised patches were employed to study this effect,
it is conceivable that AA metabolic enzymes in intact CCD cells
were completely absent in the cell-free patches. Therefore, it is
possible that metabolites of AA can exert their modulatory effect
on channel activity through an indirect pathway such as regulation
of cAMP production in the intact CCD cell [791.
Involvement of actin cytoskeleton
The density of the apical small-conductance K channel varies
with K metabolism and hormone regulation, but the mechanism
by which it is effected is not clear. The cytoskeleton has been
shown to be involved in insertion and retrieval of water channels
[82] and in modulation of Na channels in A6 cells [83]. Thus, it
is conceivable that the cytoskeleton may also play a role in the
modulation of the density of the apical K channel. The cytoskel-
eton includes actin filaments, microtubules and microfilaments
[84]. The actin cytoskeleton is involved in the modulation of
channel activity, since application of cytochalasin B and D, agents
which cause the depolymerization of F-actin, can reversibly block
channel activity [85]. In contrast, chaetoglobosin, an analogue of
cytochalasin B that does not depolymerize F-actin, had no effect.
Pretreatment of CCD tubules with 5 xM phalloidin, which stabi-
lizes the F-actin, completely blocks the inhibitory effect of cy-
tochalasins [85]. Furthermore, confocal microscopy has also
shown that the actin cytoskeleton in the subapical region of the
CCD treated with cytochalasin B was depolymerized as evidenced
by a significantly weaker staining of actin with fluorescent labeled
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phalloidin. The results strongly suggest that the actin cytoskeleton
is involved in the modulation of channel activity.
Depolymerization and polymerization of actin are regulated by
several actin binding proteins such as annexins, MARCKS and
profilin [861. These actin binding proteins are regulated by several
important second messengers such as Ca2, protein kinase C and
phosphoinositide [861. For instance, binding of Ca21calmodulin
to MARCKS protein facilitates depolymerization of F-actin, and
thereby causes a dissociation of MARCKS protein from the cell
membrane [871. On the other hand, phosphoinositides generally
enhance actin polymerization [871 and facilitate an association of
the actin cytoskeleton to the cell membrane. Therefore, a disso-
ciation of the cytoskeleton from or an association of the cytoskel-
eton tu the cell membranes could be controlled by the Ca2-
dependent signal, and the phosphoinositides' signal pathways
through the mediation of the actin binding proteins. It is conceiv-
able that similar mechanisms may regulate the activity of the
apical small-conductance K channel.
Summary
The apical small-conductance K channel plays an important
role in renal K secretion, as evidenced by the presence of the
extensive modulatory pathways. Figure 3 summarizes the current
understanding of the mechanisms that modulate the apical small-
conductance K channel. Stimulation of adenylate cyclase en-
hances channel activity and consequently K secretion. In con-
trast, increases in intracellular Ca2 concentration and activation
of Ca2-dependent signal transduction pathways inhibit the K
channel and thus decrease K secretion. The vasopressin-induced
stimulation of K secretion in CCD results at least in part from
cAMP-dependent signal transduction pathways. The Ca2-depen-
dent signal transduction pathway is responsible for modulatory
coupling between Na pump turnover and apical K conductance
when the Na pump is inhibited.
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